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INTRODUCTION 
1.  Background 

The  study  of  anthrax  has  played  an  important  role  in  the  history  of  medicine, 
leading  to  the  establishment  of  Koch's  postulates  (1)  and  to  the  development  of  the  first 
bacterial  vaccine  (2,  3).  Outbreaks  of  anthrax  continue  to  be  reported,  particularly  in 
developing  nations  (4).  Public  awareness  has  been  greatly  raised  by  recent  investigations 
into  the  Sverdlovsk  outbreak  of  1979  (5-7)  and  by  the  threat  of  anthrax  spores  being  used 
as  an  agent  of  biological  warfare  (8). 

Anthrax  is  caused  by  the  spore-forming  bacterium.  Bacillus  anthracis,  and 
primarily  afflicts  herbivores  such  as  cattle  and  sheep  (9).  Humans  acquire  the  disease  from 
infected  animals  or  their  products  in  one  of  three  forms:  a  cutaneous  form  characterized  by 
black  pustules;  a  gastrointestinal  form  caused  by  eating  contaminated  meat;  and  a 
pulmonary  form  caused  by  inhaling  anthrax  spores,  which  is  usually  fatal  within  a  few 
days  of  infection  (10). 

Two  factors  account  for  the  virulence  of  B.  anthracis:  a  poly-D-glutamic  acid 
capsule  that  protects  against  bactericidal  components  of  host  sera  (1 1),  and  "anthrax  toxin". 
Anthrax  toxin  refers  collectively  to  three  secreted  proteins:  the  edema  factor  (EF,  89  kDa), 
the  lethal  factor  (LF,  90  kDa),  and  the  protective  antigen  (PA,  83  kDa)  (12).  Although 
these  proteins  are  individually  non-toxic,  PA  combined  with  EF  produces  edema  in  the  skin 
of  guinea  pigs  and  rabbits  (13),  while  PA  combined  with  LF  lyses  mouse  macrophages 
(14)  and  induces  death  in  experimental  animals  (15). 

The  action  of  anthrax  toxin  on  the  host  cell  has  recently  been  reviewed  (12),  and  is 
illustrated  in  figure  1.  PA  binds  with  high  affinity  (Kd  ~1  nM)  to  a  protein  receptor  found 
on  most  mammalian  cells  (11,  16).  Cleavage  by  a  cell-surface  protease,  probably  furin  (17, 
18),  releases  an  N-terminal  20  kDa  fragment,  PA20,  and  permits  the  63  kDa  fragment, 
PAgs,  to  form  a  heptamer  (19)  and  to  bind  LF  or  EF  with  high  affinity  (Kj  =  10  pM)  (1 1). 
The  complex  of  PAes  with  LF  or  EF  then  undergoes  receptor-mediated  endocytosis  (20). 
Acidification  of  the  endocytic  vesicle  leads  to  insertion  of  PA63  into  the  endosomal 
membrane  and  translocation  of  EF  or  LF  into  the  cytosol,  where  they  exert  toxic  catalytic 
effects:  calmodulin-dependent  adenylate  cyclase  activity  in  the  case  of  EF  (21,  22);  and  an 
unknown  activity  in  the  case  of  LF.  In  the  "A-B"  toxin  nomenclature  (23)  PA  is  the  B 
(binding)  moiety,  and  LF  and  EF  are  alternative  A  (enzymatically  active)  moieties. 


PA  is  the  most  immunogenic  of  the  three  anthrax  toxin  proteins  (24,  25)  and,  as 
implied  by  its  name,  is  the  principal  active  component  in  anthrax  vaccines  (26).  In  the 
United  States,  the  currently  licensed  human  vaccine,  MDPH-PA,  is  obtained  from  a  non- 
virulent  strain  of  B.  anthracis  and  consists  of  aluminum  hydroxide-adsorbed  supernatant 
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material,  which  is  primarily  PA  (27).  Immunization  with  MDPH-PA  requires  multiple 
doses,  produces  undesired  side-effects  in  some  individuals,  and  has  diminished  efficacy 
against  certain  virulent  strains  of  B.  anthracis  (27-29).  There  is  therefore  an  obvious  need 
to  improve  the  efficacy  of  the  human  vaccine. 

2.  Purpose  and  scope  of  research 

The  work  described  here  aims  at  determining  the  atomic  resolution  structure  of  the 
anthrax  protective  antigen  in  its  monomeric  and  oligomeric  forms.  These  structures  should 
lead  to  a  greater  understanding  of  anthrax  intoxication  by  providing  insight  into  the  receptor 
binding,  EF/LF  binding,  oligomerization,  membrane  channel  formation,  and  EF/LF 
translocation  activities  of  PA.  This  information  should  aid  in  the  development  of  an 
improved  vaccine  by  facilitating  the  constmction  of  recombinant  proteins  that  are  deficient 
in  key  activities  but  retain  high  immunogenicity.  It  should  also  benefit  new  biomedical 
applications,  such  as  the  use  of  anthrax  toxin  as  a  "targeted  toxin"  (30). 

3.  Previous  work 

At  this  time  last  year  we  had  solved  the  crystal  stracture  of  PA  using  two  crystal 
forms  and  had  partially  refined  the  atomic  model,  which  had  a  crystallographic  R  factor 
of  29%  at  2.1  A  resolution.  We  showed  that  the  molecule  was  largely  composed  of  P 
strands  and  was  organized  into  four  domains.  We  used  the  results  of  previously 
reported  biochemical  and  mutagenesis  experiments  to  assign  each  domain  a  putative 
function.  In  addition,  we  had  grown  crystals  of  the  PAgs  heptamer  and  set  out  to 
determine  its  crystal  structure.  Based  on  available  electron  microscopy  data,  we  were 
able  to  build  a  hypothetical  model  of  the  heptamer. 

4.  Outline  of  current  report 

In  this  report  we  describe  additional  features  of  the  full-length  PA  molecule 
discovered  as  a  result  of  further  crystallographic  refinement  and  careful  examination  of 
the  structure.  We  discuss  the  differences  observed  between  the  two  PA  crystal  forms 
used  in  the  structure  determination.  We  also  report  the  progress  made  in  solving  the 
crystal  structure  of  the  PAes  heptamer.  Finally,  we  review  the  mechanism  of  anthrax 
intoxication  in  the  light  of  our  results. 
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BODY 

1.  Refinement  of  the  Protective  Antigen  model 

Two  crystal  forms  were  used  in  the  structure  determination.  Crystal  form  1, 
grown  at  pH  7.5,  diffracted  synchrotron  radiation  to  2.5  A  spacing,  while  crystal  form 

2,  grown  at  pH  6.0,  diffracted  to  2.1  A.  The  current  refinement  statistics  for  the  two 
crystal  forms  are  listed  in  table  1.  The  model  for  crystal  form  1  contains  680  (out  of 
735)  residues,  2  calcium  ions  and  no  water  molecules,  and  will  be  further  refined.  The 
model  for  crystal  form  2  consists  of  660  residues,  310  water  molecules  and  2  calcium 
ions,  and  its  refinement  is  essentially  complete.  No  density  is  seen  in  either  erystal 
form  for  residues  1-13,  162-176  and  304-319,  consistent  with  the  protease  sensitivity 
of  these  regions  (11).  Several  differences  exist  between  the  two  crystal  forms,  as 
described  below.  88%  of  the  backbone  angles  are  in  the  most  favored  regions  of  the 
Ramachandran  plot,  with  none  in  disallowed  regions.  The  electron  density  in  most 
regions  of  the  2Fo-Fc  map  is  of  excellent  quality. 


Crystal 

Form 

Space  Group  and  Resolution  (A) 
Cell  Dimensions 

R  factor  (%) 

R  (free)  (%) 

rms  bond 
lengths  (A) 

rms  bond 
angles 

1  (pH  7.5) 

P2i2i2i  6-2.5 

fl=119.8  b=73.S  0=95.0 

27.1 

32.0 

0.009 

2.0® 

2  (pH  6.0) 

P2i2i2i  6-2.1 

a=  99.3  b=93.1  c=82.0 

22.9 

28.1 

0.006 

1.5® 

Table  1.  Refinement  statistics  of  the  two  crystal  forms  of  PA.  Form-1  crystals  grow  by  the 
hanging  drop  method  from  14-18%  PEG  1000,  10%  glycerol  and  50  mM  HEPES  pH  7.5  at  4° 
C.  Form-2  crystals  grow  from  12-18%  PEG  8K  and  50  mM  citrate  pH  6.0  at  4°C. 


2.  Description  of  the  PA  Structure. 

A  ribbon  diagram  of  PA  is  shown  in  figure  2.  The  molecule  has  approximate 
dimensions  100  A  x  70  A  x  40  A,  and  is  organized  into  four  domains.  These  are 
composed  primarily  of  antiparallel  p  sheets  with  only  a  few  short  a  helices.  Domains  1 
and  2  are  roughly  equal  in  size  and  twice  as  large  as  domains  3  and  4.  The  cleavage  by 
furin  which  results  in  the  PA20  and  PA63  fragments  does  not  occur  between  domains, 
but  within  domain  1.  The  domain  assignments  are  summarized  in  table  2. 
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(Sub)domain 

Residues 

Activity 

Furin  fragment 

la 

1-167 

blocks  oligomerization  ~ 

and  EF/LF  binding 

PA20 

lb 

168-258 

Ca2+  binding 

EF/LF  binding  * 

2 

259-487 

oligomerization  * 

membrane  insertion  * 

PA63 

3 

488-595 

EF/LF  binding  * 

4 

596-735 

receptor  binding 

Table  2.  Domains  of  PA.  la  and  lb  are  subdomains  of  domain  1  defined  by  the  furin  cleavage 
site.  Residues  1-167  are  referred  to  as  subdomain  la  when  part  of  the  full-length  PA  molecule, 
and  as  PA20  after  dissociating  as  a  proteolytic  fragment.  Putative  activities  are  indicated  by  an 
asterisk. 


a.  Domain  1.  Domain  1  contains  a  large  p  sheet  made  of  nine  strands  and  a  smaller 
sheet  of  five  strands  (Fig.  3).  The  furin  cleavage  site  at  the  sequence  RKKRi^'^  is 
located  in  an  exposed  loop  for  which  no  density  is  seen.  The  cleavage  site  divides 
domain  1  into  two  subdomains,  referred  to  as  la  and  lb  (table  2).  Subdomain  la, 
which  forms  the  PA20  fragment,  is  a  p-sandwich  with  jelly  roll  topology,  and 
comprises  the  small  sheet  plus  six  strands  of  the  large  sheet.  Subdomain  lb  contains 
the  remaining  strands  of  the  large  sheet  and  three  short  helices.  Thus,  the  large  sheet 
spans  the  cleavage  site  and  becomes  torn  between  strands  2  and  13  when  PA20 
dissociates  from  PAss-  The  interface  between  the  two  subdomains  buries  2600  of 
accessible  surface  area,  and  involves  several  hydrophobic  residues  of  subdomain  lb  . 
The  extensive  interface  explains  why  PA  can  be  “nicked”  in  vitro  without  dissociating 
into  two  fragments  (1 1).  Subdomain  lb  is  probably  involved  in  EF/LF  binding  (see 
below). 

In  the  course  of  refining  the  structure  of  PA  we  discovered  two  strong  peaks  of 
density  in  an  Fq-Fc  difference  map  that  were  located  in  subdomain  lb.  These  peaks 
were  identified  as  calcium  ions  on  the  basis  of  coordination  geometry,  bond  distances, 
and  the  prevalence  of  acidic  ligands.  This  finding  was  confirmed  by  atomic  absorption 
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spectroscopy  measurements:  PA  was  found  to  bind  calcium  with  a  PA:Ca  stoichiometry 
of  1:1.4;  no  other  metals  tested  bound  to  any  significant  extent  (T.  Koehler  and 
R.J.Collier,  unpublished).  The  calcium  binding  site  is  illustrated  in  figure  4.  The  two 
calcium  ions  are  4.3  A  apart,  and  octahedral  coordination  is  provided  by  residues  177- 
188  and  222-235.  Residues  177-188  form  a  calcium-binding  loop  similar  to  that  found 
in  the  canonical  EF  hand  (31).  Residues  222-235  do  not  resemble  a  known  calcium 
binding  motif.  Of  the  twelve  calcium  ligands,  eight  are  carboxylate  oxygens  of  acidic 
residues,  three  are  main  chain  carbonyl  oxygens  and  one  is  a  water  molecule  (Fig.  4). 
Three  acidic  residues  bind  both  ions.  The  ions  are  buried  within  subdomain  \b  and 
play  a  clear  role  in  stabilizing  its  three-dimensional  stmcture. 

b.  Domain  2.  Domain  2  is  the  longest  domain  (~65  A)  and  is  dominated  by  a  p 
barrel  (Fig.  5).  The  front  and  back  faces  of  the  barrel  are  quite  flat  and  give  domain  2  a 
wedge-like  shape.  At  the  wide  edge  of  this  wedge  the  barrel  contains  a  deep  cleft  (Fig. 
5).  The  domain  also  contains  four  prominent  loops:  loop  1  is  composed  entirely  of 
hydrophilic  residues,  and  is  mostly  disordered.  Loop  2,  also  disordered,  contains  two 
Phe  residues  (F313  and  F314)  at  its  tip  and  is  susceptible  to  proteolysis  by 
chymotrypsin  (11).  Loop  3  is  ordered  in  crystal  form  1  (grown  at  pH  7.5)  and 
contains  three  buried  hydrophobic  residues,  but  is  disordered  in  crystal  form  2  (grown 
at  pH  6.0).  Our  studies  indicate  that  the  difference  in  conformation  is  due  to  the  pH 
difference  (see  below).  Loop  4  contains  an  exposed  phenylalanine,  F427,  which  is  in  a 
crystal  contact  (in  both  crystal  forms)  with  domain  3  of  another  molecule.  We  suggest 
that  domain  2  mediates  heptamer  formation  and  membrane  insertion,  with  loops  2  to  4 
playing  important  roles  (see  below). 

c.  Domain  3.  Domain  3  is  the  smallest  of  the  domains  and  contains  a  four-stranded 
P  sheet,  a  hairpin,  and  four  helices  (Fig.6).  One  of  the  helices  protrudes  significantly 
from  the  body  of  the  molecule  (Fig.  6,  top).  This  helix  is  part  of  a  stretch  of  residues 
(511-517)  that  are  ordered  in  crystal  form  1  but  form  a  disordered  loop  in  crystal  form 
2.  The  longest  helix  in  domain  3  is  part  of  a  triangular  strand-helix-loop  structure  that 
permits  five  hydrophobic  residues  to  form  a  flat,  solvent-exposed,  hydrophobic  "patch” 
(Fig.  6).  In  crystals  of  PA  this  patch  is  occupied  by  residue  F427  from  domain  2  of 
another  molecule,  as  mentioned  above.  Domain  3  likely  interacts  with  EF  and  LF  (see 
below). 

d.  Domain  4.  Domain  4  contains  a  sandwich  of  two  4-stranded  antiparallel  p 
sheets,  and  a  P-hairpin  that  packs  intimately  against  domain  3  (Fig.  7).  There  is  also  a 
large  loop  (residues  703-720)  which  forms  part  of  the  interface  between  domains  2  and 
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4.  Considerable  evidence,  listed  below,  indicates  that  domain  4  is  the  receptor  binding 
domain. 

3.  Two  crystal  forms  of  PA  compared 

The  models  of  PA  corresponding  to  the  two  crystal  forms  were  compared  by 
superimposing  the  main  chain  atoms  by  a  least-squares  fit  procedure.  The  overall  rms 
deviation  for  the  backbone  atoms  is  1.15  A  (table  3fl).  Superimposing  the  individual 
domains  showed  that  the  shifts  were  smallest  in  domain  3  and  greatest  in  domain  1 
(table  3a).  Apart  from  two  loops  (residues  274-286  and  422-432)  involved  in  crystal 
contacts  in  form  1  but  not  in  form  2,  there  are  three  other  regions  that  are  ordered  in 
one  crystal  form  and  disordered  in  the  other.  These  are  listed  in  table  ?>b.  Residues  208- 
212  form  a  disordered  loop  in  crystal  form  1  but  in  crystal  form  2  they  form  a  small 
helix  which  buries  His21 1.  Conversely,  residues  340-352  and  51 1-516  are  ordered  in 
crystal  form  1  and  disordered  in  form  2. 


a  Domain  RMS  Shift  (A) 

1  1.29 

2  0.72 

3  0.54 

4  0.75 

Overall  1.15 


b 


Residues 

Form 

pH  7.5 

1 

pH  6.0t 

Form  2 
pH  6.0 

208-12 

disordered 

disordered 

helix 

340-52 

helix 

disordered 

disordered 

511-16 

helix 

helix 

disordered 

Table  3.  Comparison  of  the  PA  models  for  the  two  crystal  forms,  a)  Models  for  the  two 
crystal  forms  of  individual  domains  or  of  the  entire  molecule  were  superimposed  by  a  least- 
squares  fit  and  the  overall  RMS  deviation  determined  for  main-chain  atoms,  b)  Residues  listed 
are  ordered  in  one  crystal  form  and  disordered  in  the  other. 

■*■3.0  A  data  set  obtained  from  a  form-1  crystal  soaked  in  harvest  buffer  at  pH  6.0. 


These  conformational  differences  may  be  due  to  different  crystal  lattices  or  to 
the  different  pH  conditions  used  to  grow  the  crystals  (pH  7.5  for  form  1  and  pH  6.0 
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for  form  2).  To  determine  the  cause  of  these  changes,  a  3.0  A  data  set  was  collected 
from  form-1  crystals  soaked  in  harvesting  buffer  at  pH  6.  The  model  of  crystal  form  1 
(minus  the  3  stretches  listed  in  table  2>b)  was  refined  and  2Fo-Fc  and  Fq-Fc  omit  maps 
were  calculated.  The  conformations  of  residues  511-16  and  208-212  were  found  to  be 
the  same  as  at  pH  7.5,  but  residues  340-352  were  disordered,  suggesting  that  their 
conformation  had  been  influenced  by  the  change  in  pH.  These  residues  comprise  loop 
3  in  domain  2  and  contain  three  hydrophobic  residues,  Trp346,  Met350  and  Leu352, 
that  are  buried  inside  the  core  of  the  barrel  of  domain  2  in  crystal  form  1  (figure  5). 
Their  exposure  at  pH  6.0  might  be  related  to  the  ability  of  PA53  to  insert  into 
membranes  at  acidic  pH. 

4.  Homology  with  Iota-16  and  VIPl. 

In  last  year's  report  we  remarked  on  the  sequence  homology  between  PA  and 
the  iota-16  toxin  of  Clostridium  perfringens,  and  used  this  information  to  support  our 
putative  assignment  of  domain  function.  We  have  recently  obtained  the  sequence  of 
another  bacterial  toxin  homologous  to  PA,  the  vegetative  insecticidal  protein,  VIPl,  of 
Bacillus  cereus  (Greg  Warren,  personal  communication),  allowing  us  to  extend  our 
previous  analysis.  Like  the  anthrax  and  iota  toxins,  the  VIP  toxin  is  binary,  i.e.,  the 
"A"  (VIP2)  and  "B"  (VIPl)  parts  exist  as  separate  polypeptides.  Like  PA  and  Iota-16  , 
VIPl  is  produced  in  a  proform  that  binds  to  host  cell  receptors  and  becomes 
proteolytically  activated  at  a  site  corresponding  to  the  furin  cleavage  site  of  PA. 

PA  shares  32%  sequence  identity  with  iota-16  and  27%  with  VIPl.  The 
sequence  alignment  is  shown  in  figure  8.  19%  of  the  sequence  is  identical  in  all  three 
proteins,  with  (sub)domains  la,  lb,  2,  3  and  4  displaying  13,  26,  25,  21  and  10  % 
sequence  identity,  respectively.  The  low  degree  of  identity  in  subdomain  la  is  not 
surprising  given  that  it  plays  no  further  role  in  intoxication  after  being  removed  (as 
PA20)  on  the  cell  surface.  Except  in  domain  4,  strands  and  helices  are  mostly 
conserved  (Fig.  8),  suggesting  that  VIPl  and  iota-16  have  the  same  domain 
organization  as  PA,  with  similar  folds  for  domains  1  to  3.  Residues  in  PA  involved  in 
calcium  binding  are  identical  in  VIPl  and  iota-16,  except  for  two  residues  (S222  and 
K225)  which  bind  through  a  backbone  carbonyl  (Fig.  4);  thus,  VIPl  and  iota-16  likely 
also  bind  calcium.  Of  the  144  residues  identical  among  the  three  proteins,  ~65  are 
buried  in  the  molecule's  hydrophobic  core.  Many  of  the  remaining  residues  cluster  on 
the  two  faces  of  domain  2  (data  not  shown),  and  may  form  part  of  a  conserved  interface 
within  the  PA^s  heptamer  (see  below). 

5.  Crystallographic  studies  of  the  PA53  heptamer 

In  last  year's  annual  report  we  noted  that  we  had  grown  small  crystals  of  the 
PA63  heptamer  and  collected  low-resolution  diffraction  data.  We  experienced 
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difficulties  reproducing  results  because  of  the  instability  of  PAgs-  In  particular,  the 
protein  loses  its  ability  to  form  ordered  crystals  after  a  few  days  of  being  stored  at  4 
°C.  Furthermore,  crystals  have  a  short  shelf-life  of  only  ~3  days,  after  which  they  start 
to  develop  cracks  and  cease  to  diffract.  We  have  overcome  this  problem  by  freezing 
aliquots  of  PAgs  at  -80  immediately  following  purification,  and  by  only  using 
crystals  that  are  freshly  grown  from  recently  thawed  protein  in  our  diffraction 
experiments. 

Using  this  procedure  we  reproduced  the  original  crystal  form  of  PAgs  and  grew 
two  additional  crystal  forms.  These  are  summarized  in  table  4.  The  original  crystal 
form,  form  1 ,  is  the  best  characterized  of  the  three.  These  crystals  have  a  high  solvent 
content,  and  are  very  fragile.  To  collect  a  complete  data  set  from  a  single  crystal  it  is 
necessary  to  flash-freeze  the  crystal  in  liquid  nitrogen  to  prevent  radiation  damage.  By 
this  method  we  were  able  to  collect  a  complete  data  set  for  crystal  form  1  at  8.0  A 
resolution  using  PEG  200  as  the  cryoprotectant.  A  self-rotation  function  revealed  that 
the  7-fold  axis  of  the  heptamer  is  parallel  to  the  two-fold  screw  axis.  We  used  these 
results  and  a  model  derived  from  the  PA  crystal  structure  to  carry  out  an  exhaustive 
crystal  packing  analysis  to  determine  what  were  the  possible  orientations  available  for 
monomers  to  adopt  within  the  heptamer.  The  packing  analysis  indicated  that  less  than 
30%  of  orientation  space  was  available  to  monomers,  and  we  used  this  information  to 
refine  the  hypothetical  model  of  the  heptamer  that  we  had  previously  built  (see  below). 


Crystal 

Crystallization 

Space 

Cell  Dimensions 

Diffraction 

No.  heptamers 

%  Solvent 

Form 

conditions 

Group 

Limit  (A) 

possible/  asym.  unit 

Content 

1 

1-5%  PEG  8000,  80- 
150  mM  CaCl2,  50 
mM  TRIS  pH  8.5-9.0 

P2i 

a=131  b=148  c=157 
P=105° 

5.5 

1 

64 

2 

Same  as  above 

P2i 

a=184  b=208  c=227 

5.2 

1 

87 

or  P2 

P=110O 

2 

74 

3 

61 

4 

48 

3 

200  mM  Li2S04, 

C2 

a=174  b=205  c=131 

at  least  7 

1 

55 

50-  70  mM  p-octyl- 
glucoside,  50  mM 

TRIS  pH  8.5 

p=95° 

Table  4.  Crystal  forms  of  the  PA63  heptamer. 


The  8  A  data  set  that  we  collected  from  crystal  form  1  did  not  allow  us  to  solve 
the  structure  by  molecular  replacement  because  of  the  lack  of  high  resolution  data. 
Recently,  using  synchrotron  radiation  we  found  that  crystals  mounted  at  room 
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temperature  in  capillaries  diffract  well  to  5.5A,  with  some  spots  visible  at  4.9A.  Only 
2-3  degrees  of  data  can  be  collected  from  each  crystal  before  it  decays  due  to  radiation 
damage,  but  by  using  a  large  number  of  crystals  it  should  be  possible  to  collect  a 
complete  data  set.  At  this  resolution  we  expect  to  be  able  to  obtain  a  unique  solution  by 
molecular  replacement.  We  have  also  been  searching  for  heavy  metal  derivatives  in  an 
attempt  to  obtain  experimental  phases  by  multiple  isomorphous  replacement  (MIR). 
Because  the  crystals  are  so  fragile,  soaking  them  in  heavy  metal  compounds  leads  to 
disruption  of  the  crystal  lattice.  However,  we  have  succeeded  in  co-crystallizing  PAgs 
in  the  presence  of  platinum  chloride  and  methylmercuric  nitrate,  compounds  which 
provided  useful  heavy  metal  derivatives  in  solving  the  structure  of  full-length  PA.  It  is 
anticipated  that  these  compounds  will  also  derivatize  the  PAgs  heptamer.  The  phases 
obtained  either  by  molecular  replacement  or  MIR  can  be  greatly  improved  by  exploiting 
the  seven-fold  non-crystallographic  symmetry  of  the  crystal,  and  these  improved 
phases  should  provide  us  with  electron  density  maps  of  very  high  quality. 

Crystal  form  2  grows  under  the  same  conditions  and  displays  the  same 
morphology  as  crystal  form  1.  However,  form-2  crystals  have  a  larger  unit  cell  (table 
4)  and  are  more  stable  to  X-rays  than  form-1  crystal.  Form-2  crystals  diffract  well  to 
about  5.2  A  spacing,  with  some  spots  visible  at  4.7  A  resolution.  The  cell  dimensions 
suggest  that  up  to  four  heptamers  can  be  accommodated  per  asymmetric  unit. 

Crystal  form  3  grows  in  the  presence  of  the  detergent  P-octylglucoside  and 
displays  a  different  morphology  to  the  other  two  crystal  forms.  The  requirement  for 
detergent  may  reflect  a  different  conformation  of  the  molecule  than  is  present  in  the 
other  two  crystal  forms.  On  our  home  source  these  crystals  diffract  to  7  A  spacing,  and 
we  anticipate  a  higher  diffraction  limit  using  synchrotron  radiation. 

6.  Insights  into  PA  activity. 

a.  Receptor  binding.  There  is  considerable  evidence  that  the  binding  of  PA  to 
cells  is  mediated  by  domain  4.  A  chymotryptic  fragment  made  of  residues  314-735  can 
bind  to  cells  whereas  residues  1-313  cannot  (32);  antibodies  that  recognize  an  epitope 
between  residues  671  to  721  block  the  binding  of  PA  to  the  cell  surface  (33);  and  the 
deletion  of  3,  5  or  7  residues  from  the  C- terminus  leads  to  reduced  binding  of  PA  to 
cells  (34).  The  low  degree  of  sequence  homology  shared  by  PA,  iota-I&  and  VIPl  in 
domain  4  is  expected  if  the  three  proteins  bind  to  different  host  cell  receptors. 

b.  EF/LF  binding.  The  removal  of  PA20  exposes  a  high-affinity  binding  site  (IQ 
=  10  pM)  for  LF  or  EF  on  PAea  (1 1).  Subdomain  \b  is  alikely  candidate  for  binding 
EF/LF  because  the  removal  of  PA20  exposes  a  large  previously  inaccessible  surface  on 
this  subdomain.  This  agrees  with  the  finding  that  antibodies  recognizing  an  epitope 
between  residues  168  and  314  inhibit  the  binding  of  EF/LF  (33).  Other  antibodies 
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which  inhibit  EF/LF  binding  recognize  an  epitope  between  residues  581  and  601, 
suggesting  that  domain  3,  which  is  adjacent  to  subdomain  \b  (Fig.  2),  may  also 
interact  with  EF/LF. 

c.  Heptamer  formation.  Heptamer  formation  by  the  PA63  fragment  can  be 
observed  both  in  vitro  and  in  mammalian  cells  (19).  In  electron  micrographs  the 
heptamer  is  ring-shaped  with  7  small  radial  protrusions,  and  has  an  inner  and  outer 
diameter  of  ~20  A  and  140  A,  respectively  (19). 

Although  the  crystal  structure  of  the  heptamer  has  not  yet  been  solved,  we  have 
built  a  hypothetical  model  of  the  heptamer  whieh  is  consistent  with  a  erystal  packing 
analysis,  electron  microscopy,  and  sequence  homology.  In  this  model,  the  long  axis 
of  the  monomer  is  oriented  nearly  parallel  to  the  7-fold  symmetry  axis,  with  domain  2 
inside  and  domains  3  and  4  outside,  such  that  monomers  pack  like  pie  wedges  (Fig.  9). 

The  interface  between  PAes  monomers  involves  the  two  faces  of  domain  2, 
which  are  conserved  in  the  homologous  toxins  (not  shown).  Loop  4  of  one  monomer 
is  adjacent  to  the  cleft  in  domain  2  of  its  neighbor;  it  eould  feasibly  insert  into  this  cleft 
and  form  hydrogen  bonds  with  an  adjacent  strand  of  the  neighbor's  domain  2  (see 
figure  5).  Such  a  packing  arrangement,  involving  opposite  faces  of  a  P  barrel  and  the 
formation  of  an  intermonomer  P  sheet,  is  reminiscent  of  the  packing  seen  in  VPl 
pentamers  of  SV40  (35)  and  murine  polyoma  virus  (36). 

Our  heptamer  model  explains  why  the  removal  of  PA20  (subdomain  la)  is  a 
prerequisite  for  heptamer  formation:  substituting  full-length  PA  for  PA63  in  the 
heptamer  model  results  in  a  severe  overlap  among  the  seven  subdomains  la, 
suggesting  that  this  subdomain  prevents  oligomerization  sterically. 

d.  Membrane  insertion.  PA63  inserts  into  membranes  at  acidic  pH  and  forms 
ion-conductive  channels  in  both  artificial  lipid  bilayers  (37,  38)  and  cells  (39).  How 
this  occurs  is  not  immediately  apparent  from  the  PA  crystal  structure  or  the  PA63 
heptamer  model.  Long  hydrophobic  helices  have  been  implicated  in  the  ability  of 
toxins  such  as  diphtheria  toxin,  colicin  A,  exotoxin  A,  and  insecticidal  5-endotoxin  to 
insert  into  membranes  (40),  but  PA  contains  no  such  helices. 

A  possible  clue  comes  from  studies  of  a-hemolysin  (aHL)  of  Staphylococcus 
aureus,  a  33  kDa  protein  toxin  which,  like  PA,  can  exist  as  a  water-soluble  monomer  or 
as  a  heptameric  membrane  pore  (41, 42).  aHL  contains  a  large  loop  which  is  exposed 
in  the  soluble  monomer  but  is  occluded  in  the  assembled  pore  (43-45).  In  the  recently 
determined  crystal  structure  of  the  detergent-bound  aHL  heptamer,  this  loop  forms  an 
amphipathic  hairpin,  and  the  seven  hairpins  in  the  heptamer  associate  to  form  a  14- 
stranded,  porin-like  p  barrel  (46).  The  amphipathic  nature  of  this  hairpin  is  reflected  by 
the  pattern  of  alternating  hydrophilic  and  hydrophobic  residues  in  its  sequence  (Fig. 
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lOA).  A  similar  pattern  exists  in  loop  2  of  PA  and  in  the  corresponding  residues  of  iota- 
Ib  and  VIPl  (Fig.  lOA).  We  therefore  propose  that  membrane  insertion  by  PAes 
involves  the  formation  of  a  porin-like  (3  barrel,  in  which  loop  2  plays  a  role  analogous 
to  that  of  the  membrane-inserting  loop  of  aHL. 

This  hypothesis  accounts  for  the  following  observations:  (i)  chymotrypsin 
treatment  of  PA  (which  cleaves  uniquely  in  loop  2  without  causing  dissociation  into 
two  fragments)  results  in  a  loss  of  toxicity,  but  does  not  affect  the  receptor  binding,  LF 
binding,  or  receptor-mediated  endocytosis  steps  of  intoxication  (32)(see  figure  1).  (ii) 
A  deletion  mutant  missing  the  two  Phe  residues  (F313  and  F314)  at  the  tip  of  loop  2  is 
defective  in  membrane  channel  formation  and  translocation  of  LF  into  the  cytosol  (47). 
(iii)  The  diameter  of  PA63  membrane  channels  determined  from  ion  conductance 
studies  is  ~12  A  (48),  consistent  with  the  predicted  diameter  of  a  14-stranded  p-barrel 
(49).  (iv)  PA63  channels  are  highly  cation  selective  (37),  consistent  with  the  net 
charge  of  -7  on  the  interior  of  the  putative  p  barrel  (Fig.  lOA). 

A  substantial  conformational  change  is  required  in  domain  2  for  the  seven 
loops  to  form  a  porin-like  barrel.  This  change  could  feasibly  be  induced  during 
acidification  of  the  endosome  (Fig.  1,  step  6).  The  observation  that  membrane  channel 
formation  is  rapidly  accelerated  when  the  pH  is  lowered  from  7.4  to  6.5  (37)  implicates 
the  titration  of  histidines,  of  which  there  are  five  (H263,  H299,  H304,  H310  and 
H336)  within  or  very  close  to  loop  2.  In  crystals  of  PA,  reducing  the  pH  from  7.5  to 
6.0  causes  loop  3,  which  is  connected  to  loop  2  by  only  7  residues,  to  become 
disordered  and  expose  three  hydrophobic  residues  (Fig.  5).  Although  further  studies 
are  required  to  determine  what  changes  occur  in  the  PAg3  heptamer,  one  possibility  is 
that  residues  connecting  loop  2  to  loops  1  and  3  peel  away  from  the  body  of  domain  2 
to  form  an  enlarged  loop  at  the  bottom  of  domain  2  (see  figure  5).  This  large  loop 
could  then  associate  with  symmetry-related  loops  to  form  the  porin-like  barrel 
(Fig.lOB).  These  changes  in  domain  2  require  breaking  fewer  hydrogen  bonds  than 
are  gained  upon  barrel  formation  (and  hence  are  thermodynamically  feasible). 
Interestingly,  a  similar  conformational  change  has  recently  been  described  to  explain 
the  pH-induced  conversion  of  transthyretin  from  its  native  conformation  to  an 
amyloidogenic  form  (50). 

CONCLUSIONS 

In  the  past  year  we  have  discovered  several  interesting  features  of  the  full-length 
PA  molecule.  Particularly  significant  is  the  finding  that  PA  binds  calcium  ions,  raising 
the  possibility  that  calcium  plays  an  important  role  in  PA  activity.  Also  of  interest  is  the 
finding  that  a  large  loop  in  domain  2  could  feasibly  form  an  amphipathic  hairpin 
sufficiently  long  to  span  a  lipid  bilayer,  suggesting  that  the  membrane-inserted  form  of 
PA  may  resemble  that  of  a-hemolysin. 
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Our  work  suggests  a  number  of  approaches  for  designing  an  improved  anthrax 
vaccine.  For  example,  the  channel  forming  properties  of  PA  may  be  responsible  for 
some  of  the  negative  side-effects  observed  with  the  current  anthrax  vaccine.  The 
deletion  of  loop  2  should  produce  a  PA  molecule  lacking  channel-forming  activity  but 
maintaining  a  high  degree  of  immunogenicity.  Similarly,  mutations  in  loop  4  may 
result  in  a  molecule  defective  in  heptamer  formation,  and  hence  in  channel  formation. 
Also,  it  should  be  possible  to  express  the  individual  domains  (the  boundaries  of  which 
have  been  precisely  defined  by  our  crystallographic  studies)  as  recombinant  proteins 
and  to  test  these  for  immunogenic  and  protective  properties.  Our  data  also  suggest  a 
range  of  mutations  that  can  be  used  to  test  the  functional  role  of  other  residues  on  the 
protein  surface. 

Recently  we  have  made  significant  progress  in  the  structure  determination  of  the 
PA63  heptamer.  We  have  determined  conditions  for  reproducibly  growing  crystals  in 
three  crystal  forms.  From  two  crystal  forms  we  have  collected  diffraction  data  at  ~5  A 
resolution  or  better.  The  third  crystal  form  grows  in  the  presence  of  detergent, 
suggesting  that  the  heptamer  may  be  in  its  membrane-inserted  conformation.  We  intend 
to  collect  complete  diffraction  data  sets  for  all  three  crystal  forms,  and  will  try  to  solve 
their  structures  by  molecular  replacement  using  search  models  derived  from  our  2.1  A 
crystal  structure  of  PA.  An  independent  strategy  is  to  obtain  experimental  phases  using 
isomorphous  heavy  metal  derivatives,  and  an  encouraging  first  result  is  our  success  in 
co-crystallizing  PAgs  in  the  presenee  of  compounds  known  to  derivatize  full-length  PA. 
The  phases  obtained  from  either  the  molecular  replacement  or  the  isomorphous 
replacement  approach  can  be  vastly  improved  by  averaging  over  the  7-fold 
noncrystallographic  symmetry,  and  these  improved  phases  should  greatly  facilitate  the 
task  of  building  an  accurate  model  of  the  heptamer. 

Finally,  the  work  described  in  this  report  has  led  to  the  following  revised 
model  of  anthrax  intoxication  of  the  host  cell:  PA  binds  to  cell  receptors  through 
domain  4,  but  is  unable  to  oligomerize  because  of  steric  hindrance  from  subdomain  la. 
Cleavage  at  the  furin  site  followed  by  dissociation  of  PA20  results  in  heptamer 
formation,  chiefly  mediated  by  domain  2.  LF  or  EF  binds  to  the  newly  exposed 
subdomain  lb,  followed  by  receptor-mediated  endocytosis  of  the  complex. 
Acidification  of  the  endocytic  vesicle  leads  to  a  conformational  change  in  the  heptamer 
that  permits  seven  flexible  loops  to  insert  into  the  membrane  as  a  porin-like  p  barrel. 
How  EF  and  LF  are  translocated  across  the  membrane  remains  a  puzzle,  but  the 
heptameric  pore  formed  by  PAes  is  clearly  too  small  to  permit  the  passage  of  EF  or  LF 
as  a  native  folded  polypeptide.  A  role  in  translocation  could  conceivably  be  played  by 
the  two  calcium  ions  buried  in  the  putative  EF/LF  binding  domain:  a  lowered  calcium 
concentration  or  a  pH  drop  in  the  endosome  might  promote  their  release  and  modulate 
the  PA63:EF/LF  interaction. 
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PA20 

O 


Fig,  1.  Steps  in  anthrax  intoxication  of  the  host  cell.  The  abbreviations  are:  PA, 
protective  antigen;  EF,  edema  factor;  LF,  lethal  factor;  CaM,  calmodulin.  7.  PA  binds  to  a 
host  cell  surface  receptor.  2.  Furin  or  a  furin-like  cell  surface  protease  cleaves  PA, 
releasing  the  PA20  fragment.  3.  PA63  forms  a  heptamer.  4.  EF  or  LF  binds  to  PA63. 

5.  Receptor-mediated  endocytosis  occurs.  6,  Acidification  of  the  endocytic  vesicle  leads 
to  membrane  insertion  of  PA63.  7.  Translocation  of  EF/LF  into  the  cytosol,  where  they 
exert  their  toxic  effects. 
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Fig.  3.  Domain  1 .  The  large  (3  sheet  is  in  the  foreground  and  the  small  one, 
marked  with  asterisks,  is  in  the  background.  Calcium-binding  loops  are 
highlighted  and  the  two  calcium  ions  are  shown  in  black.  The  arrow  indicates 
the  furin  cleavage  site  located  in  a  disordered  loop  (dotted  line).  The  dashed 
line  separates  subdomain  la  from  lb. 


Fig.  4.  The  calcium  binding  site.  The  calcium  ions  are  shown  as  large  spheres.  Cal 
(left)  is  coordinated  by  the  carboxylate  oxygens  of  D177,  D179,  and  E188,  the 
carbonyl  oxygen  of  II 83  and  by  a  water  molecule  (W),  which  in  turn  is  hydrogen 
bonded  to  a  carboxylate  oxygen  of  D 185  and  to  the  carbonyl  oxygen  of  P223.  The 
calcium  binding  loop  formed  by  residues  177-188  conforms  to  the  canoncial 
EF-hand.  Ca2  (right)  is  coordinated  by  carboxylate  oxygens  of  D179,  D181,  E188 
and  D235,  and  the  carbonyl  oxygens  of  S222  and  K225. 
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Fig.  5.  Domain  2.  Loops  1  to  4  are  indicated,  and  the  cleft 
in  the  domain  is  shown  by  the  dashed  wedge.  The  arrow 
indicates  the  chymotr5rpsin  cleavage  site  in  loop  2. 

Residues  Trp346,  Met350  and  Leu352  of  loop  3  are  shown  in 
the  buried  conformation  they  adopt  in  crystal  form  1  (pH 
7.5);  they  are  disordered  in  crystal  form  2  (pH  6.0). 


Fig.7.  Domain  4.  The  C-terminus  is  indicated.  The  p  hairpin  which  packs 
against  domain  3  is  at  the  top  right  and  the  large  loop  involved  in  the  interface 
with  domain  2  is  at  the  bottom  right. 
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PA 

Ib 

VIPl 


1P2 


55 

50 

90 


Ipl 


lp3 


EVKQENRLLNESESSSQGLiGYYPSDLMPQAPMWTSSTTGDiSIPSSELENIPS 

- EEITNENTLSSNGliMGYY^ADEHFKDLELMAPIKNGDIiKFEEKKVDKLTE 

MKNMKKKLASWTCTLLAPMFLNGNVNAVYADSKTNQISTTQKNQQKEMDRK^iiLGWKGKDFSNLTMFAPTRDSTlilYDQQTANKLLD 


ip4  1P5  1P6  ip?  ipS  lp9  IplO 

PA  E-NQYFQ^AI%?SGFIKVKKSDEYTFATSADNHVTMi^DQEVIN]^SNSNKIRLEkGRLYQIKIQYQ — RENPTEKGLDFKiYWTDS — Q  140 

Ib  D-NSSIKSIRWTGRIIPSEDGEYILSTDR-NDVLMQINAKGDIAK^ - TLKVNMKKGQAYNIRIEIQ-DKNGSIDNLSVPkI^ELN -  134 

VIPl  KKQQEYQSIRWIGLIQSKETGDFTFNLSEDEQAI  lEINGKI  I  SNKGKEKQWHLE^<3KLVpKklEY;^SDTKFNIDSKTFKE^KLFKIDSQ  180 

Ipll  lal  ipi2  lpl3  lcx2  lpl4 

PA  NKKEVI S  SDNLQLPELKQKS - SNSRKKi«§)rSAGPTVPI)RbNTCiPI)SLEVEG^DVKNKRTFLS  PWI SNIHEKKGLTKYK  220 

Ib  GNKTVIPEENliFFRDYSKID — ENDPFIPNNOTFDVRFFSAASEDLpTblTOlSrtPbAYEKNGYTIKDS - lAVKWkoSFAEQ-GYKKYV  214 

VIPl  NQPQQVQQDEliRNPEFNKKESQEFLAKPSKIi^FTQKplREIDEDTI^TpGPSlPpLVTOENpT^IHNR - lAVK^DSLASK-GYTKFV  265 

*  *  *  A  * 

la3  la4  2pi  2P2 

PA  pSPEKWSTASDPYSDFEl^TGRIDKNVSPkARHPIiVAAYkiyHVDl^riLSKNEbQpTQNTDSETRTISKNTSTSRTHTSEVHGNAEVH  310 

Ib  |sYLESNTAGDPYTiyYqitASGSmKAIKLEARDPIA?AAYPVVGVGipa3lJlISTraHA$SD - QGKTVSRATTNSKTDANTVGVSISAG  300 

VIPl  p^LESHWGDPYTDYEkAARDllDLSNAKETFNPLVAAFPSyNySMEKVILSPNENLSN - SVESHSSTNWSYTNTEGASVEAG  347 

''a  a  - —  loop  1  - !►  - 

Chymo^psin  2p3  2al  2^4  ^  2p6  2|37 

PA  ASFFDIGGSVSAGFSNSNGSTVAI  DHSL^SLAGERTWAETMGLNTADTARLHAMIRYVNTGTAPIYl^PTTSLVLGKNQTLATIKAKEilQ  400 

Ib  YNGPTGNIT'PSYSHTTDNPTAVQDSNGEP - WNTGLSlijKGESAYINAMVRYYNTGTAPMYICVTpTTNLVIiD-GETlATlKAQDNQ  383 

VIPl  IGPKGI S  FGV^VNYQ — HSETVAQEWGTpTG - NTS  QFJfcnPAS  AGYLNANVRYNNVGTGAIYDVKPTTSFVIiN-NDTI  ATITAKSNS  428 

- loop  2 ^ loops  - 

^8  ^  2_P10  2pn  2cx2  2P12  2pi3  2pI4  2a3 _ 

PA  LSQIlAPm^PSKNl^PlAl^AQPpFSSTPITMNYNQFLELEKTKQLRIiDTDQVYGNIATYNFENGRVRVDTGSNWSETh^PplQETTAR  490 

Ib  IGNNLSPlffiT^PKKGLSPLAlJmEDQFNARLIPINYDQLKKiiDSGkQlKPETTQVSGNYGTKNSQ-tSQIITEGNS-WSNYI^QlDSVSAS  471 

VIPl  TALNISPGESYPKkGQNGlAlTSMPb^SHPlTLNKKOVDNIiLNNKPMMpETNiQTDGVYKIKDTH-^isNIVTGGE— ^GVIQQIKAKTAS  515 

loop  4  — ► 

3pi  3P2  3al  3P3  3a2  3P4  3P5  3p6 _ 3a3 

PA  IIFNGKDLNLVERRIAAVNPSDPLETTKPDMTLKEALKIAFG — FNEPNGNPQYQGKDlTE — FDFNFDQQTSQNIKNiQl^EIiNA -  57 1 

Ib  IlLD-TGSQTFERRVAAKEQGNlEDKT-PElTIGEAI-kKAFS-ATKNGE-LPYFNGIPIDE — VELIFOblTOSEIIKEgpKYLDD -  550 

VIPl  IIVD-DGERVAEKRVAAKDYEOTEDRdf-PSLTLKDALKLSYPDEIKEIEGIiliYYKNKPlYESSVMTYLpENTAKEVTKjQLNDTTGKFKDV  603 


3a4  3p7  3P8  4pl  4P2  4al  4P3  4P4  4a2  435 

PA  TNIYTVLDKIKLNAkBmiLl  - KRFHYDkiJNIAVGADESWKEAH - REVINSSTEGLLLNIDKDIRKILSGI^IVEIEDTEG-  651 

Ib  KKI^iw - ^KLERGMNILXKVPSYFTNFDEYNWFPASWSNIDTKNQDG - LQSVAilKLSGETKIIIPMSKLKPYKR^FSGYSKD —  630 

VIPl  SHL  YDV - ELT  PiGdNVTIKLS  I LYDNAE  SNDNS IGKWTNTNI VSGGNNGKKQ  YS  SNilPDANLTLNTDAQEKIiNKNRDYYISLYMKS  EK  693 


4p6  4p7  4P8  4P9 

PA  - LKEVINDRYDMLW - ^aSSLRQDGKTFIDFKKYNDKLP - sPYISNPNYKVNVYAVTKS;  708 

Ib  - PSTSNSITVN - ^iKSKEQKTDYLVDYTKFDIEIT - ^LTSGGVIFLDNLSEILkII  684 

VIPl  NTQCEITIDGEIYPITTKTVNvlrKDNYKRLDIIAHNIKSNRls;$LHIKTNDEITLFWDDISITDVASIKPENI.Tb|EIKQIYSRYGIKLi  783 

4pi0  4a3 

PA  NTIINPSENGDTSTNGIKKI - PIFSKKGYEIG  735 

Ib  PEIKVPSDQIgNTYIDGIKEA - li-DYIQKYRVE  710 

VIPl  DGILIDKKGGlHYGEFlNEASFNIEPtPNYVTkYEVTYSSELGPNVSDTLESDKIYKDGTIKFDFTKYSKNEQGLFYDSGLNWDF 

KINAITYDGKEMNVFHRYNK  884 


Fig.  8.  Secondary  structure  assignment  and  alignment  of  the  PA,  lota-Ifc  and  VIPl  sequences.  The 
numbering  of  each  sequence  is  shown.  Residues  identical  in  two  or  more  sequences  are  shown  in  bold, 
and  those  identical  in  all  three  are  highlighted.  The  furin  and  chymotrypsin  sites  of  PA  are  indicated, 
as  are  loops  1-4  of  domain  2.  Residues  which  ligate  a  calcium  ion  through  a  side  chain  or  main  chain 
oxygen  atom  are  marked  by  an  asterisk  or  a  caret  (^),  respectively. 
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Fig.  9.  The  hypothetical  model  of  the  PA63  heptamer,  viewed  down  the  heptamer 
axis,  with  domain  \b  nearest  the  viewer  and  domain  4  the  furthest. 
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Fig.  10.  A  possible  mechanism  of  membrane  insertion.  Seven  loops  in  the  PA63  heptamer 
associate  to  form  a  14-stranded  porin-like  P  barrel,  \vith  each  loop  (loop  2  of  domain  2) 
forming  a  membrane-spanning  amphipathic  hairpin.  (A)  Residues  302-311  form  one  strand 
of  the  hairpin  and  314-324  form  the  other,  as  shown  by  the  arrows.  Residues  on  the  outside  of 
the  barrel  are  underlined,  and  those  inside  are  in  bold  italics.  Thus  hydrophobic  residues  are 
exposed  to  the  lipid  phase,  and  hydrophilic  residues  are  exposed  to  the  aqueous  interior, 
including  three  acidic  residues  (E302,  E308,  D315)  and  two  histidines  (H304  and  H310),  giving 
the  interior  a  net  charge  of  -7  at  acidic  pH.  The  sequences  of  iota-Ifc,  VIPl  and  aHLare  also 
shown  for  comparison.  Sequences  are  plotted  as  p  strands.  (B)  The  heptamer  is  oriented  with 
domain  4  and  the  bottom  of  domain  2  next  to  the  membrane.  Loop  2  is  on  the  outside  of  the 
heptamer.  A  low  pH-induced  conformational  change  leads  to  the  formation  of  the 
membrane-inserted  porin-like  barrel. 
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